BACKGROUND: Decidual senescence has been considered a mechanism of disease for spontaneous preterm labor in the absence of severe acute inflammation. Yet, signs of cellular senescence have also been observed in the chorioamniotic membranes from women who underwent the physiological process of labor at term. OBJECTIVE: We aimed to investigate whether, in the absence of acute histologic chorioamnionitis, the chorioamniotic membranes from women who underwent spontaneous preterm labor or labor at term exhibit signs of cellular senescence. STUDY DESIGN: Chorioamniotic membrane samples were collected from women who underwent spontaneous preterm labor or labor at term. Gestational age-matched nonlabor controls were also included. Senescence-associated genes/proteins were determined using reverse transcription quantitative polymerase chain reaction analysis (n ¼ 7-9 each for array; n ¼ 26-28 each for validation), enzyme-linked immunosorbent assays (n ¼ 7-9 each), immunoblotting (n ¼ 6-7 each), and immunohistochemistry (n ¼ 7-8 each). Senescence-associated bgalactosidase activity (n ¼ 7-11 each) and telomere length (n ¼ 15-22 each) were also evaluated. RESULTS: In the chorioamniotic membranes without acute histologic chorioamnionitis: (1) the expression profile of senescence-associated genes was different between the labor groups (term in labor and preterm in labor) and the nonlabor groups (term no labor and preterm no labor), yet there were differences between the term in labor and preterm in labor groups; (2) most of the differentially expressed genes among the groups were closely related to the tumor suppressor protein (TP53) pathway; (3) the expression of TP53 was down-regulated in the term in labor and preterm in labor groups compared to their nonlabor counterparts; (4) the expression of CDKN1A (gene coding for p21) was up-regulated in the term in labor and preterm in labor groups compared to their nonlabor counterparts; (5) the expression of the cyclin kinase CDK2 and cyclins CCNA2, CCNB1, and CCNE1 was down-regulated in the preterm in labor group compared to the preterm no labor group; (6) the concentration of TP53 was lower in the preterm in labor group than in the preterm no labor and term in labor groups; (7) the senescence-associated b-galactosidase activity was greater in the preterm in labor group than in the preterm no labor and term in labor groups; (8) the concentration of phospho-S6 ribosomal protein was reduced in the term in labor group compared to its nonlabor counterpart, but no differences were observed between the preterm in labor and preterm no labor groups; and (9) no significant differences were observed in relative telomere length among the study groups (term no labor, term in labor, preterm no labor, and preterm in labor). CONCLUSION: In the absence of acute histologic chorioamnionitis, signs of cellular senescence are present in the chorioamniotic membranes from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor. However, the chorioamniotic membranes from women who underwent spontaneous labor at term did not show consistent signs of cellular senescence in the absence of histologic chorioamnionitis. These results suggest that different pathways are implicated in the pathological and physiological processes of labor.
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Introduction
Cellular senescence is a process in which cells stop dividing and undergo alterations in their phenotype, chromatin, secretome, and tumor suppressor activation.
1 Such a process is described as an irreversible cell cycle arrest, which is a result of the overexpression of the cyclin kinase inhibitors, cyclin-dependent kinase inhibitor 1 (p21 CDK1 ), cyclindependent kinase inhibitor 2A (p16 INKT/6/CDKN2 ), as well as alterations in the tumor suppressor protein 53 (TP53) pathway. 1, 2 Senescent cells are generally nonproliferative and can be identified by their enlarged nuclei with aberrant distribution of heterochromatin and prominent nucleoli, flattened morphology with marked actin stress fibers, and chronic DNA damage. [2] [3] [4] [5] In the placenta, cellular senescence was first described using morphological and histological characteristics, [6] [7] [8] [9] [10] [11] where it is considered a physiological process of aging in this organ. 10, 12 Decidual senescence, however, is proposed to be a mechanism of disease for spontaneous preterm labor, 13, 14 a syndrome of multiple pathological processes 14 that frequently leads to preterm birth, [15] [16] [17] [18] [19] the leading cause of perinatal morbidity and mortality worldwide. [20] [21] [22] [23] Cite this article as: Gomez-Lopez N, Romero R, Plazyo 24 ) was greater than in the control mice. 13 In addition, mice with a uterine-specific deletion of Trp53 display an increased expression of p21, 13 pAkt 13 (also known as protein kinase B or PKB), and phospho-S6 ribosomal protein (pS6) 25 as well as a reduced expression of antioxidant enzymes in the decidua. 26 The mechanisms whereby decidual senescence results in spontaneous preterm labor seem to be independent of severe acute inflammation since wild-type mice do not exhibit characteristics of cellular senescence upon injection with lipopolysaccharide, 25 which induces preterm birth. [27] [28] [29] [30] In human beings, however, whether decidual senescence is a mechanism of disease for spontaneous preterm labor in the absence of severe acute inflammation is still under investigation. Yet, cellular senescence is also considered a physiological mechanism for parturition at term. 31, 32 This concept is supported by evidence demonstrating that the chorioamniotic membranes from women who underwent spontaneous labor at term display morphological characteristics of cellular senescence (enlarged cells and organelles) and have increased SA-b-gal activity compared to those from women who delivered at term without labor. 33 Additionally, women who undergo spontaneous labor at term have an elevated amniotic fluid concentration of SA secretory phenotype markers (granulocyte macrophage colony-stimulating factor, interleukin-6 and -8), 33 a greater number of telomere fragments in the amniotic fluid, 34 and a shorter telomere length and reduced lamin B1 in the chorioamniotic membranes, as well as an up-regulation of p21, 35 compared to those who delivered at term without labor. Further, in the murine chorioallantoic membranes, the telomere length shortens as the presence of mitogenactivated kinase p38, 36 active TP53, and SA-b-gal activity gradually increases throughout gestation. 37 The aim of the current study was to investigate whether, in the absence of acute histologic chorioamnionitis (severe acute inflammation), the chorioamniotic membranes from women who underwent spontaneous preterm labor and those who had undergone spontaneous labor at term exhibit signs of cellular senescence compared to gestational-age-matched nonlabor controls.
Materials and Methods

Human subjects
Chorioamniotic membrane samples were collected from women who delivered at term with or without spontaneous labor. Chorioamniotic membrane samples were also collected from women who underwent spontaneous preterm labor or delivered preterm in the absence of labor due to clinical indications. Sampling of the chorioamniotic membranes included the periplacental, middle and rupture zones [38] [39] [40] [41] (spontaneous rupture zone in cases with labor and mechanical rupture zone in cases without labor). These samples were obtained from the Bank of Biological Specimens of the Detroit Medical Center, Wayne State University, and the Perinatology Research Branch, an intramural program of the Eunice Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of Health, US Department of Health and Human Services (NICHD/NIH/DHHS; Detroit, MI). The Institutional Review Boards of Wayne State University and NICHD approved the collection and use of biological materials for research purposes. All participating women provided written informed consent and samples were collected within 30 minutes after delivery. Demographic and clinical characteristics of the study population are displayed in Tables 1 to 3 . All women in the study had singleton pregnancies and patients with neonates who had congenital or chromosomal abnormalities were excluded. Most of the chorioamniotic membranes samples were obtained from women without preterm prelabor rupture of the membranes (pPROM) (>97%). Labor at term was defined as the presence of regular uterine contractions at a minimum frequency of 2 contractions every 10 minutes associated with cervical changes resulting in delivery !37 weeks of gestation. 42 Preterm labor was diagnosed by the presence of regular uterine contractions (at least 3 in 30 minutes) and documented cervical changes in patients with a gestational age between 20 and 36 6/7 weeks. Preterm delivery was defined as birth prior to the 37th week of gestation. In each case, tissue sections of the chorioamniotic membranes were evaluated for acute histologic chorioamnionitis according to published criteria 43, 44 by pathologists who were blind to the clinical outcome. Samples collected from women with acute histologic chorioamnionitis were excluded from this study. The preterm no labor group included chorioamniotic membrane samples from women who delivered preterm due to clinical indications such as preeclampsia. The term no labor group included chorioamniotic membrane samples from women with a history of cesarean delivery, malpresentation, and/or cesarean delivery on maternal request. 
RNA isolation
Enzyme-linked immunosorbent assays
The concentrations of TP53 and pS6 were measured in the chorioamniotic membrane tissue lysates (n ¼ 7-9 per group) (Table 1) using specific and sensitive immunoassays (p53 pan enzyme-linked immunosorbent assay [ELISA] kit; Roche Molecular Systems Inc, Pleasanton, CA; and pS6 sandwich ELISA kit, Cell Signaling Technology, Danvers, MA), following the manufacturers' instructions. The sensitivity of the assay for TP53 was <9 pg/mL. The sensitivity of the assay for pS6 was within the range recommended by the manufacturer.
Immunohistochemistry
Samples of the chorioamniotic membranes collected from each study group (n ¼ 6-8 per group) ( Table 1) were included. Sections (5-mm thick) of formalin-fixed, paraffin-embedded tissue specimens were cut and mounted on SuperFrost Plus microscope slides (Thermo Fisher Scientific). Immunohistochemistry staining for TP53 (antihuman TP53 antibody, catalog no. M7001, clone DO-7; DAKO, Glostrup, Denmark) and cyclooxygenase (COX)2 (anti-Cox2 antibody; Novus Biologicals, Littleton, CO) were performed using a Leica Bond Max automatic staining system (Leica Biosystems, Wetzlar, Germany). The Bond polymer refine detection kit (Leica Biosystems) was used to detect the chromogenic reaction of horseradish peroxidase. Isotypes were used as negative controls. Following staining, tissue slides were scanned and the mean intensity of COX2 (a semiquantitative method of analysis) was determined using a Pannoramic MIDI digital slide scanner (PerkinElmer Inc, Waltham, MA).
SA-b-gal activity
Cells positive for SA-b-gal were identified in the chorioamniotic membranes 
Acute chorioamnionitis, n (%) (n ¼ 7-11 per group) ( Table 1 ) based on a previously described method. 24 Chorioamniotic membranes were frozen in Tissue-Tek O.C.T compound (Sakura Finetek USA, Torrance, CA). Cryosections (10-mm thick) were cut using a Leica CM3050 cryostat (Leica Biosystems) and placed onto Superfrost Plus microscope slides. After fixation with 0.5% glutaraldehyde (Sigma-Aldrich, St Louis, MO) in 1Â PBS (pH 5.5), the slides were washed twice in 1 mmol/L of TABLE 3 Demographic and clinical characteristics of women whose samples were used for telomere length determination 
Acute chorioamnionitis, n (%)
IQR, interquartile range; NA, not applicable; NS, nonsignificant. After incubation, the slides were washed twice with 1 mmol/L of magnesium chloride in 1Â PBS (pH 7.4), followed by an additional 30-minute wash with tap water to remove any precipitate from the staining solution. Slides were dehydrated with a graded ethanol bath (80%, then 95%, then 100%), counterstained with eosin, mounted with xylene, and coverslipped by Tissue-Tek SCA (Sakura Finetek USA). A Pannoramic MIDI digital slide scanner (PerkinElmer Inc) was used to assess the intensity of SA-b-gal staining (a semiquantitative method of analysis).
Immunoblotting of pS6
Chorioamniotic membrane tissue lysates (25 mg per well, n ¼ 6-7 per group) (Table 1) were subjected to 4-12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA). After electrophoresis, separated proteins were transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA). Next, the membranes were blocked with StartingBlock T20 blocking buffer (Thermo Fisher Scientific) and incubated overnight at 4 C with an antihuman pS6 (S235/236) antibody (Cell Signaling Technology). A horseradish peroxidaseconjugated antimouse IgG (catalog no.
7076S; Cell Signaling Technology) was used as a secondary antibody. Chemiluminescence signals were detected with ChemiGlow West reagents (Protein Simple, Santa Clara, CA) and images were acquired using the LAS-4000 imaging system (Fujifilm North America Corp, Valhalla, NY). Finally, nitrocellulose membranes were stripped with Restore Plus Western blot stripping buffer (Thermo Fisher Scientific) for 15 minutes, washed with 1Â PBS, blocked, and incubated for 1 hour at room temperature with a mouse anti-b-actin (ACTB) monoclonal antibody (catalog no. A5316, clone AC-74; SigmaAldrich). Chemiluminescence signals were again detected with ChemiGlow West reagents (Protein Simple), and images were acquired using the LAS-4000 Imaging System.
Relative determination of telomere length
Genomic DNA extraction from frozen chorioamniotic membrane samples (n ¼ 15-22 per group) ( Table 3) was performed with a DNeasy tissue kit (Qiagen), as per the manufacturer's instructions. Genomic DNA from the peripheral blood mononuclear cells (PBMC) of 2 different individuals (25 and 52 years old) was isolated using a DNeasy blood kit (Qiagen) and utilized for the validation of the method. Genomic DNA from the PBMC of 4 individuals was also isolated and pooled to be used as reference DNA. DNA concentrations and purity were assessed with the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). Relative telomere length was measured in the isolated genomic DNA from the chorioamniotic membranes or PBMC using a previously described PCR method 45 with minor modifications. All qPCRs were performed using the ABI 7500 FAST real-time PCR system. The primers (hereafter referred to as "primer set 1") used to amplify the telomere region were the following: forward (5'-GGTTTTTGAGGGTGAGGGTGAGGG TGAGGGTGAGGGT-3') (270 nmol/L) and reverse (5'-TCCCGACTATCCCTAT CCCTATCCCTATCCCTATCCCTA-3') (900 nmol/L). A single copy reference Reverse transcription quantitative polymerase chain reaction (RT-qPCR) array of senescence-associated (SA) genes in the chorioamniotic membranes A, Heat map visualization of SA genes in chorioamniotic membranes from women who underwent spontaneous preterm labor (n ¼ 9) or labor at term (n ¼ 8). Gestational age-matched nonlabor controls were also included (n ¼ 7-8 each). B, STRING network analysis displaying protein-protein associations. Lines between nodes represent known interactions from experimental data (magenta lines) and homologies (blue lines) between proteins encoded by differentially expressed genes between 4 study groups (term no labor, term in labor, preterm no labor, and preterm in labor). Genes selected for RT-qPCR validation are included in dotted ellipse. gene, 36B4, was amplified using the following primers: forward (5'-CAGC AAGTGGGAAGGTGTAATCC-3') (300 nmol/L) and reverse (5'-CCCATTCTATC ATCAACGGGTACAA-3') (500 nmol/L).
Each qPCR contained 12.5 mL of 2Â SYBR Green PCR master mix (catalog no. 4309155; Thermo Fisher Scientific), 1.25 mL of each forward and reverse primer, and 10 mL of genomic DNA (2 ng/ mL), which yielded a 25-mL reaction and was run in triplicates. The thermal cycling profile for the telomere region qPCR began at 95 C for 10 minutes, followed by 30 cycles at 95 C for 15 seconds, and at 54 C for 2 minutes. For the 36B4 qPCR, the thermal cycling profile began at 95 C for 10 minutes, followed by 30 cycles at 95 C for 15 seconds, and at 58 C for 1 minute. A standard curve ranging from 0.63-14.17 ng/mL was prepared with reference DNA using serial dilutions (1.68-fold each). Standard curve and reference DNA were included in each qPCR run (telomere region and 36B4). Cycle threshold (Ct) values for telomere region signals (T) and 36B4 signals (S) were generated with the software ABI 7500 Fast System SDS (version 1.3, Applied Biosystems). The formula to calculate the T/S ratio for each sample is: [2
The relative telomere length of each sample was calculated as follows: the T/S ratio of each sample relative to the T/S ratio of the reference sample (2 e(DCt(sample)e DCt(reference)) ¼ 2 eDDCt ). 45 Relative telomere length was also measured in the same samples using a different qPCR method and primers. 34, 46 The primers (hereafter referred to as "primer set 2") used to amplify the telomere region were the following: forward (5'-CGG TTTGT  TTGGGTTTGGGTTTGGGTTTGGGT  TTGGGTT- 
C for 10 seconds, and 72 C for 60 seconds. For the HBG qPCR, the thermal cycling profile began at 95 C for 10 minutes, followed by 30 cycles at 95 C for 5 seconds, 58 C for 10 seconds, and 72 C for 40 seconds. A standard curve ranging from 0.625-20 ng/mL was prepared with reference DNA using serial dilutions (2-fold each). Standard curve and reference DNA were included in each qPCR run (telomere region and HBG). Ct values for telomere signals (T) and HBG signals (S) were generated with the software ABI 7500 Fast System SDS. The formula to calculate the T/S ratio for each sample is: [ 47 Hierarchical clustering on genes was applied on the group mean expressions using 1-Pearson correlation as distance metric and average linkage. 48 Group means of gene expression were then compared using t tests from an analysis of variance linear model and the resulting P values were adjusted using the Benjamini-Hochberg procedure. All expression analyses were performed in the R statistical computing environment (http://www.R-project. org/). ELISA, immunohistochemistry, SA-b-gal staining, and immunoblotting data were analyzed by Kruskal-Wallis tests, followed by Mann-Whitney U tests. Telomere length data were analyzed by t tests using the SPSS software. A P value of .05 was regarded as statistically significant.
Results
Characteristics of the study population
The demographic and clinical characteristics of the 3 study populations are displayed in Tables 1 to 3 . None of the chorioamniotic membrane samples used in this study had acute histologic chorioamnionitis (Tables 1 to 3 ). To confirm that the chorioamniotic membranes underwent the process of labor, we first evaluated the expression of prostaglandin-endoperoxide synthase 2 (or COX2), which plays a critical role in the initiation of parturition and therefore is considered a marker of labor. [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] As expected, the chorioamniotic membranes from women who underwent spontaneous labor at term or spontaneous preterm labor had a greater expression of COX2 compared to their nonlabor counterparts (Supplementary Figure 1) .
Expression of SA genes in the chorioamniotic membranes from women who underwent spontaneous preterm or term labor First, we determined whether the expression profile of several SA genes in the chorioamniotic membranes from women who underwent the process of preterm or term labor was different compared to gestational-age-matched nonlabor controls. At first glance, we noticed that the labor groups (term in labor and preterm in labor) displayed different SA gene profiles compared to the nonlabor groups (term no labor and preterm no labor); yet, there were differences between the term in labor and preterm in labor groups (Figure 1, A) . Thirty differentially expressed genes between the labor (term in labor and preterm in labor) and nonlabor (term no labor and preterm no labor) groups were selected. Next, we performed a functional protein association network analysis of these 30 differentially expressed genes between groups, which uncovered a cluster of these genes involved in the cell cycle, including the TP53 pathway (Figure 1, B) .
Six of the differentially expressed genes were validated by RT-qPCR using a larger number of samples (Figure 1,  B) . The expression of TP53 was lower in the term in labor group and the preterm in labor group compared to their nonlabor counterparts, but no Tumor suppressor protein 53 (TP53) in the chorioamniotic membranes A, Protein concentrations of TP53 in chorioamniotic membrane lysates from women who underwent spontaneous preterm labor (n ¼ 8) or labor at term (n ¼ 8). Gestational age-matched nonlabor controls were also included (n ¼ 7-9 each). B, Representative images and their magnifications for TP53 in the chorioamniotic membranes from women who underwent spontaneous preterm labor (n ¼ 6) or labor at term (n ¼ 6). Gestational age-matched nonlabor controls were also included (n ¼ 9-10 each); Â200 and Â400 magnifications. differences were found between the term in labor and preterm in labor groups (Figure 2, A) . In contrast, the expression of cyclin-dependent kinase inhibitor 1A (CDKN1A) was greater in the term in labor group and preterm in labor groups compared to the nonlabor controls, and once again, no differences were observed between the term in labor and preterm in labor groups (Figure 2, B) . Consistently, the expression of cyclin-dependent kinase 2 (CDK2) (Figure 2, C) , cyclin A2 (CCNA2) (Figure 2, D) , cyclin B1 (CCNB1) (Figure 2, E) , and cyclin E1 (CCNE1) (Figure 2, F) was reduced in the preterm in labor group compared to the preterm no labor group, but no differences were observed between the term in labor and term no labor groups. In addition, the expression of CCNA2 and CCNB1 was lower in the preterm in labor group than in the term in labor group (Figure 2, D 
and E).
The messenger RNA and protein expression of TP53 was reduced in the chorioamniotic membranes from women who underwent spontaneous preterm labor
The TP53 pathway is a central regulator in the process of cellular senescence 1, 2 and the uterine deletion of the Trp53 gene induces spontaneous preterm labor. 13, 25, 26, 61 As TP53 was downregulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor or spontaneous labor at term, we next evaluated whether the protein concentration and immunoreactivity of TP53 was different among the study groups. The concentration of TP53 was reduced in the preterm in labor group compared to the preterm no labor and term in labor groups (Figure 3, A) . However, no differences were observed in the concentration of TP53 between the term no labor and term in labor groups (Figure 3,  A) . Consistently, immunohistochemistry revealed that the immunoreactivity of TP53 was enhanced in the term in labor group compared to the term no labor, preterm no labor, and preterm in labor groups (Figure 3, B) .
The activity of SA-b-gal was increased in the chorioamniotic membranes from women who underwent spontaneous preterm labor A strong biomarker for senescence is increased lysosomal activity, evidenced by the detection of pH-sensitive SA-bgal. 24 Indeed, enhanced SA-b-gal activity is a common marker of cellular senescence in both human 33, 62 and murine 13, 25, 37, 61, 62 placental tissues. We determined SA-b-gal activity in the chorioamniotic membranes from women who underwent spontaneous preterm labor or spontaneous labor at term (Figure 4, A) . The SA-b-gal activity was increased in the chorioamniotic membranes from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor or those who delivered at term in labor (Figure 4, A  and B) . The SA-b-gal activity was mainly observed in the chorion laeve, including mostly trophoblast cells (Figure 4, A) . No differences were observed in the SA-b-gal activity between the chorioamniotic membranes obtained from women who underwent spontaneous labor at term and those who delivered at term in the absence of labor (Figure 4, A  and B) .
The expression of pS6 in the chorioamniotic membranes from women who underwent spontaneous preterm or term labor An increase in pS6 levels was observed in the uterus and decidua of pregnant mice with a uterine-specific deletion of Trp53, which display uterine/decidual senescence and deliver prematurely. 25 Next, we evaluated the expression of pS6 in the chorioamniotic membranes from women who underwent spontaneous preterm labor or spontaneous labor at term, using immunoblotting ( Figure 5 , A) and ELISA ( Figure 5, B) . The semiquantitative approach (immunoblotting) revealed that the chorioamniotic membranes contained pS6; yet, no statistical differences were observed among the groups (term no labor, term in labor, preterm no labor, and preterm in labor) ( Figure 5, A) . When a quantitative approach (ELISA) was used, the concentration of pS6 was lower in the term in labor group compared to the term no labor group (Figure 5, B) . No differences were observed in the pS6 concentration between the preterm in labor and preterm no labor groups (Figure 5, B) . In addition, the concentration of pS6 was Senescence-associated (SA)-b-galactosidase (gal) activity in the chorioamniotic membranes A, Representative images and B, semiquantification of SA-b-gal activity in the chorioamniotic membranes from women who underwent spontaneous preterm labor (n ¼ 9) or labor at term (n ¼ 8). Gestational age-matched nonlabor controls were also included (n ¼ 7-11 each); Â200 magnification. The relative telomere length in the chorioamniotic membranes from women who underwent spontaneous preterm or term labor A shorter telomere length was found in the chorioamniotic membranes from women who underwent pPROM 63 and in those who underwent spontaneous labor at term. 35 In both scenarios, such a characteristic has been considered a marker of cellular senescence. 35, 63 Relative telomere length was determined using 2 established methods 34, 45, 46 in the chorioamniotic membranes from the 4 study groups. The validation of the relative telomere length methods showed that both sets of primers are able to detect senescent cells: the older individual had a shorter telomere length than the younger individual (Supplementary Figure 2) . However, neither method was capable of detecting significant differences in the relative telomere length in the chorioamniotic membranes among the study groups (term no labor, term in labor, preterm no labor, and preterm in labor) ( Figure 6) .
For the readers' convenience, a summary of the results is shown in Table 4 .
Comment
Principal findings
In the chorioamniotic membranes without acute histologic chorioamnionitis: (1) the messenger RNA (mRNA) expression profile of SA genes was different between the labor groups (term in labor and preterm in labor) and the nonlabor groups (term no labor and preterm no labor), yet there were differences between the term in labor and preterm in labor groups; (2) most of the differentially expressed genes among groups were involved in the cell cycle, including the TP53 pathway; (3) the expression of TP53 was down-regulated in the term in labor and preterm in labor groups compared to their nonlabor counterparts; (4) the expression of CDKN1A (gene encoding for p21) was up-regulated in the term in labor and preterm in labor groups compared to their nonlabor counterparts; (5) the expression of CDK2, CCNA2, CCNB1, and CCNE1 was down-regulated in the preterm in labor group compared to the preterm no labor group; (6) the concentration of TP53 was lower in the preterm in labor group than in the preterm no labor and term in labor groups; (7) the SA-b-gal activity was greater in the preterm in labor group than in the preterm no labor and term in labor groups; (8) the concentration of pS6 was reduced in the term in labor group compared to its nonlabor counterpart, but no differences were observed between the preterm in labor and preterm no labor groups; and (9) no significant differences were observed in the relative telomere length among the study groups (term no labor, term in labor, preterm no labor, and preterm in labor). These results suggest that, in the absence of acute histologic chorioamnionitis, signs of cellular senescence are present in the chorioamniotic membranes from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor. However, the chorioamniotic membranes from women who underwent spontaneous labor at term did not show consistent signs of cellular senescence in the absence of acute histologic chorioamnionitis. Collectively, these results suggest that different pathways are implicated in the pathological and physiological processes of labor.
TP53 was dysregulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor TP53 is a complex protein that plays a range of critical roles in the regulation of cell cycle progression, apoptosis, senescence, autophagy, metastasis, and metabolism. 64, 65 Female reproductive tissues require an accumulation of TP53 in the absence of stress. 66 In the decidua, the accumulation of TP53 serves as a "guardian of the genome," which grows during pregnancy to accommodate the developing fetus. 66, 67 Consequently, Trp53 null ( e/e ) mice have impaired implantation, 68 and the surviving Trp53
e/e pups, especially FIGURE 5 Phospo S6 ribosomal protein (pS6) in the chorioamniotic membranes A, Immunoblotting and semiquantification of pS6 in the chorioamniotic membranes from women who underwent spontaneous preterm labor (n ¼ 7) or labor at term (n ¼ 6). Gestational agematched nonlabor controls were also included (n ¼ 6 each). ACTB was used as loading control. B, Protein concentrations of pS6 in the chorioamniotic membranes from women who underwent spontaneous preterm labor (n ¼ 8) or labor at term (n ¼ 8). Gestational age-matched nonlabor controls were also included (n ¼ 7-9 each).
ACTB, b-actin. Original Research OBSTETRICS ajog.org females, die due to the development of exencephaly. 69 More recently, it was demonstrated that mice with a uterinespecific deletion of Trp53 display uterine senescence and that >50% of them delivered premature neonates. 13 In the study herein, we found that, in the absence of acute histologic chorioamnionitis, both the mRNA expression and concentration of TP53 were reduced in the chorioamniotic membranes from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor. These data indicate that, in the absence of acute histologic chorioamnionitis, the transcription and translation of TP53 are dysregulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor. The chorioamniotic membranes from women who underwent spontaneous labor at term had a reduced TP53 mRNA abundance, but not TP53 protein concentration, compared to those from women who delivered at term without labor. Together, these data suggest that the TP53 pathway is required throughout gestation, 25, 66, 67 and its dysregulation can lead to the pathological process of preterm labor.
The mRNA expression of CDKN1A (gene encoding for p21) and CDK2 was down-regulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor Upon activation, TP53 can transcriptionally regulate p21 (encoded by the CDKN1A gene) that, in turn, suppresses CDK2-mediated retinoblastoma (Rb) 1 inactivation, subsequently preventing S-phase entry and inducing cell cycle arrest. [70] [71] [72] In addition to growth arrest, p21 can mediate cellular senescence through TP53-dependent and -independent pathways. 73, 74 In the TP53-dependent pathway, p21 acts as a "genome guardian." 75 The activation of the TP53/p21 pathway can either trigger a temporary G1 cell cycle arrest or lead to a chronic state of senescence or apoptosis. 75 Moreover, p21 can mediate cellular senescence by a reactive oxygen species-based mechanism, which does not require either proliferating cell nuclear antigen (PCNA) binding or the CDK inhibitory functions. 76 Altogether, these data provide evidence that p21 is a negative regulator of the cell cycle and induces cellular senescence or apoptosis in response to many stimuli. 73 Previous studies demonstrated that a uterine-specific deletion of Trp53 causes an increase of p21 in the decidua compared to controls. 13 In addition, the chorioamniotic membranes from women who underwent spontaneous preterm labor with pPROM have an increased expression of p21, as well as display markers of senescence, compared to those from women who underwent spontaneous preterm labor with intact membranes. [77] [78] [79] Herein, we showed that the expression of CDKN1A (gene encoding for p21) was upregulated in the chorioamniotic membranes from women who underwent spontaneous preterm or term labor without acute histologic chorioamnionitis. However, the expression of CDK2 was down-regulated solely in the chorioamniotic membranes from women who underwent spontaneous preterm labor. These results show that, in the absence of acute histologic chorioamnionitis, the p21 pathway is dysregulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor, which likely induces the down-regulation of CDK2 in these tissues. The chorioamniotic membranes from women who underwent spontaneous labor at term had a reduced mRNA expression of CDKN1A, but not CDK2, compared to those from women who delivered at term without labor. These data suggest that during the physiological process of labor at term the p21 pathway is partially dysregulated in the chorioamniotic membranes.
The mRNA expression of CCNA2, CCNB1, and CCNE1 was downregulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor
The cyclins are a family of proteins that, together with their partners the cyclindependent kinases (CDKs), comprise the basic components of the machinery that regulate the cell cycle. 80 In the Relative telomere length in the chorioamniotic membranes
Relative telomere length in the chorioamniotic membranes using primers sets A, 1 and B, 2 from women underwent spontaneous preterm labor (n ¼ 15) or labor at term (n ¼ 16). Gestational agematched nonlabor controls were also included (n ¼ 20-22 each). ajog.org
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current study, we found that, in the absence of acute histologic chorioamnionitis, the mRNA expression of the cyclins CCNA2, CCNB1, and CCNE1 were down-regulated in the chorioamniotic membranes from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor. The cyclin CCNA2 is ubiquitously expressed in all proliferating cells and up-regulated in several cancers 81, 82 and is considered to be critical for the mammalian S-phase of the cell cycle; 81, 83, 84 yet, it is expressed in both the S- 85, 86 and G2-87 phases. Consequently, a targeted mutation of the murine Ccna2 gene results in early embryonic lethality at the peri-implantation stage. 88 The cyclin CCNB1 forms a complex with CDK1, a key regulator of mitotic entry. 89 Indeed, a reduction in CCNB1 levels can trigger DNA damageinduced senescence. 89 Perhaps not surprisingly, a loss of function of the Ccnb1 gene causes early embryonic lethality. 90 Lastly, the cyclin CCNE1 forms an active complex with CDK2, 91 which regulates the phosphorylation and follows dissociation of Rb from the inactive Rb-E2F complex. 92, 93 Therefore, the deregulation of CCNE1 can contribute to tumorigenesis. 94 Taken together, these data suggest that a dysregulation of the cyclin family, as well as the cyclindependent kinases, induces cell cycle arrest in the chorioamniotic membranes, which leads to cellular senescence during the pathological process of preterm labor in the absence of acute histologic chorioamnionitis.
The activity of SA-b-gal was increased in the chorioamniotic membranes from women who underwent spontaneous preterm labor Cellular senescence is characterized by an increase in lysosomal activity due to the increased synthesis and reduced degradation of proteins. 95 One of the lysosomal enzymes that exhibits an increased activity in senescent cells is b-gal, and therefore termed "senescenceassociated b-galactosidase" or SA-bgal. 24 The SA-b-gal activity is elevated in mice with a uterine-specific deletion of Trp53 that deliver preterm. 13 Additionally, the chorioamniotic membranes from women who underwent preterm labor with pPROM have a higher SA-bgal activity than those from women who underwent spontaneous preterm labor with intact membranes. 77 Herein, we found that, in the absence of acute histologic chorioamnionitis and pPROM, the SA-b-gal activity was increased in the chorioamniotic membranes, mostly in the chorion, from women who underwent spontaneous preterm labor compared to those who delivered preterm in the absence of labor. These data are consistent with previous reports demonstrating that the chorion layer of the fetal membranes can exhibit SA-bgal activity. 33, 77 In addition, mice with a uterine-specific deletion of Trp53 show an increased SA-b-gal activity in the decidual tissues (homologous to the decidua basalis in human beings). 13 Since the current study evaluated only the decidua parietalis (attached to the chorioamniotic membranes) and not the decidua basalis (attached to the placenta), we suggest that, in human preterm labor, cellular senescence occurs in trophoblast cells rather than in the decidua parietalis. Further studies are required to investigate whether the SAb-gal activity, or any other cellular senescence marker, is observed in the decidua basalis of women who underwent spontaneous preterm labor.
The concentration of pS6 in the chorioamniotic membranes from women who underwent spontaneous preterm labor pS6 kinase is involved in the phosphorylation of multiple substrates 96 and its phosphorylation can result from the activation of the mechanistic target of rapamycin complex 1 (mTORC1) pathway. 96 The concentration of pS6 is increased in senescent cells and decreased in quiescent cells. 97 The levels of pS6 in senescent cells can be comparable to those of proliferating cells; therefore, senescent cells can resemble proliferating cells in some cases. 97 The fact that mice with a uterine-specific deletion of Trp53 deliver preterm and have high levels of pS6 25 prompted us to hypothesize that the chorioamniotic membranes from women who underwent spontaneous preterm labor would have increased concentrations of pS6. Contrary to this hypothesis, we found that, in the absence of acute histologic Telomere length-independent cellular senescence in the chorioamniotic membranes from women who underwent spontaneous preterm labor
Telomeres are repetitive sequences of DNA (tandem TTAGGG repeats) present at the end of linear chromosomes containing a C-rich lagging strand and a G-rich leading strand. 98, 99 In the absence of protective mechanisms for telomeres, linear chromosomes shorten progressively with every cycle of DNA replication, ultimately leading to cellular senescence or apoptosis. 98, 100 One mechanism capable of elongating telomeres includes the ectopic expression of the enzyme telomerase, which lessens telomere shortening generated during cell division and evades cellular senescence. 101 Upon exposure to mild oxidative stress, cells reduce their replicative capacity and exhibit telomere shortening, which is thought to represent cellular senescence. [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] Telomere shortening has been observed in the chorioamniotic membranes from women who underwent spontaneous labor at term 35 and in those from women who underwent spontaneous preterm labor with pPROM. 114 Herein, in the absence of acute histologic chorioamnionitis, no differences were observed in the telomere length between the chorioamniotic membranes from women who underwent spontaneous preterm or term labor and those from women who delivered preterm or term in the absence of labor. Although telomere shortening has been considered a marker of cellular senescence, recent reports now suggest that telomere dysfunction can also occur in a lengthindependent manner. 99 Therefore, we propose that the chorioamniotic membranes from women who underwent spontaneous preterm labor in the absence of acute histologic chorioamnionitis are a biological example in which senescence markers are observed in a telomere length-independent manner.
Research implications
Decidual senescence has been considered a mechanism of disease for spontaneous preterm labor 13, 14 and this process seems to be independent of severe acute inflammation. 25, 115 Such a concept is largely supported by animal experimentation. Herein, we provide evidence that, in the absence of acute histologic chorioamnionitis (severe acute inflammation), signs of cellular senescence are present in the chorioamniotic membranes from women who underwent spontaneous preterm labor. Additionally, we show that the chorioamniotic membranes from women who underwent spontaneous labor at term did not display consistent signs of cellular senescence in the absence of acute histologic chorioamnionitis, suggesting that different pathways are implicated in the pathological and physiological processes of labor.
A central question that needs to be addressed is: what are the mechanisms whereby cellular senescence in the chorioamniotic membranes leads to spontaneous preterm labor in the absence of acute histologic chorioamnionitis? We propose that the chorioamniotic membranes that display cellular senescence release damage-associated molecular patterns or alarmins which, in turn, can initiate immune responses and lead to the pathological process of preterm labor.
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Strengths and limitations
The current study represents the first evidence in human beings that cellular senescence is implicated in the mechanisms that lead to spontaneous preterm labor in the absence of acute histological chorioamnionitis. Herein, we also show that the physiological process of labor at term may not be characterized by signs of cellular senescence in the chorioamniotic membranes. Cellular senescence has also been observed in the placentas of women with unexplained stillbirth, 114, 119 pPROM, 114 fetal growth restriction, 120 and placenta accreta. 111 Therefore, cellular senescence may be implicated in placental pathological processes.
A limitation of the current study is its descriptive nature since it does not allow the establishment of the timing for the development of cellular senescence. A second limitation is that most of the preterm no labor samples were collected from women with pregnancy complications such as preeclampsia, which could interfere with the cellular senescence determinations. Yet, the preterm no labor samples had similar cellular senescence levels to the term no labor samples, which were collected from women without pregnancy complications. A third limitation is the modest number of samples used for some of the determinations (immunohistochemistry, immunoblotting, ELISA, and SA-b-gal activity), which was due to the rigid inclusion criteria (absence of acute histologic chorioamnionitis) utilized in this study. n
